A logistic source function for CO2 was derived which takes into account the input arising from the burning of fossil fuels, the stimulation of photosynthesis by the increasing partial pressure of CO2, and the decrease of biomass through deforestation etc. The parameters in a 5-box-model for the kinetics of CO2 were adjusted to fit the new Mauna Loa data on CO2 concentrations in air. Using these parameters and a buffer factor £(t) for the absorption of CO2 into the sea, the future CO2 burden was calculated for status quo conditions and for different values of the growth coefficient of fossil fuel consumption.
The results show that one can change the deforestation factor in rather wide limits without changing very much the future C02 concentration in air during the next 80 years or so (cf. Fig  ure 4 ). On the other hand, the future C02 burden depends strongly on the growth rate of fossil fuel consumption and will double under status quo conditions early in the next century (cf. Figure 5 ).
Any rational solution to the question of the optimal mix of fossil and nuclear energy sources must take into consideration the future burden of CO 2 in the atmosphere and its climatological consequences. To asses the future CO2 burden, long-term considerations are clearly called for as already stated in the SCEP report2. Since publica tion of this report, the models for the natural carbon cycle have improved considerably, especially through the work of Keeling et al.3 , and of Oeschger and co-workers4.
As the total amount of fossil fuels is limited, extending only into the next century, any model using an exponential source function will grossly overestimate futur CO2 concentrations. Therefore, in a previous paper5 one of the present authors proposed the use of the logistic function for the input of CO2. Using such a source function Zimen and Altenhein6 arrived at predictions for the CO2 concentration in the atmosphere and the sea over the next century. The 3-box-model used was, however, rather simple, and the growth coefficient for the energy consumption was -according to present knowledge -overestimated. Furthermore, no change of biomass was taken into account. We have, therefore, made a re-evaluation of the problem, using a new source function, the mathe matical procedure proposed by Avenhaus and Hartm an7, and a 5-box-model with a set of reservoir constants and exchange coefficients consistent with the experimental data of CO2 concentrations in air. As regards global biomass, we have considered both an increase due to the rising partial pressure of atmorpheric CO2, and a decrease through deforestation, resulting in a net decrease within the next decades. Alternatively, we have also considered the case of constant biomass. The deforestation parameter is an improvement also compared to our treatment in the recent short communication1.
1. The Source Function for C 02 1.0. CO2 input from the burning of fossil fuels and the production of cement Baxter8a, Machta9a and Keeling10 have made assessments of the man-made annual releases of CO2 through fossil fuel burning and cement production since 1860 or so, and R o tty11 has calculated new data for 1960 through 1971 includ ing flared gas associated with crude oil production.
For our purposes, we have used Keeling's data up to the year 1959 after correction for flared gas as mentioned in his note "added in proof" and Rotty's data (nearly the same as Keeling's) from 1960 to 1965, as the latter provides a more thorough assessment of flared gas. For the years 1966 to 1974 more recent data are available from the United Nations12, and thus we have provided our calcula tions for this period.
The authors mentioned above have used statisti cal data from the United Nations for the production, rather than consumption, of fossil fuels and cement. This procedure is correct for flared gas and for cement production, because in each of these cases CO2 is liberated during the process of production. For fossil fuels, however, it seems more appropriate to use the data for consumption, as CO2 is only generated when fossil fuels are burned, not while they are produced. In general, the production data of the UN are slightly higher as a result of a net increase of fossil fuels in storage and of losses.
The UN data on fossil fuel production and con sumption are given in units of tcea. To convert these figures into mols of CO2 liberated, we have used the following "CO2 factors".
For coal and lignite: The amount of flared gas associated with crude oil production, as compared to the amount of natural gas consumed, varies widely in different countries and in different years13. In some instances all resulting natural gas is flared, in others nearly all is consumed. For the early 1970's R otty11 calculated 15% flared as an average. As the price of natural gas is rising, this percentage will tend to decrease. Thus, at present the following CO2 factor will be used: For flared gas: 0.153m gas flared 540 g C a X -^----^----r X 0.97b m3 nat. gas produced m3 gas flared 1 mol mol C X 12.011 gC 6.54 m3 gas produced (the reason for using in this case the figures of natural gas production has been given above In some cases -up to now rather few -the international SI units have been used in the literature instead of the obsolete tee unit for the resources of fossil fuels. As 1 tee = 29.3 X 109 Joules, the corresponding CO2 factors areas follows:
For coal and lignite For petroleum liquids For natural gas For natural -f-flared gas 2,00 mol C/MJ 1.68 mol C/MJ 1.12 mol C/MJ 1.29 mol C/MJ.
It should be pointed out that all statistical data on fossil burning refer to commercial production. According to the World Energy Conference 197414 about 15% of the global energy production still comes from non-commercial sources like wood, agri cultural waste and animal dung, especially in the developing countries. Most of these non-commercial materials belong to the natural carbon cycle; if they a ef. Keeling 1973 (Ref. 10) were not burned they would in any case be oxidized naturally within a few years. However, some of this material, like peat and large wood cuttings, oxidizes faster when burned than would happen through natural processes, and thus returns CO2 into the atmosphere more quickly. Hence, the CO2 produc tion as computed from the statistical data on fossil fuel consumption may result in minimum values.
Furthermore, it should be stressed that, as it is not possible to prescribe error limits for a certain confidence level to the statistical data, the accuracy of the statistics is certainly quite low. The error estimated by Keeling10 for the carbon fraction in various types of fuel is 10-15% standard deviation, and the overall error for the figures on man-made CO2 emissions may be much higher, because the estimates concerning the production in many countries are rather uncertain.
With these reservations in mind, we feel that the input data presented in Table 1 are the best available at the present time.
CO2 input from change of biomass
According to Whittacker and Likens15 the most competent estimate of the global net primary production rate (NPP) of living biomass is 4.41 X 1015 mols of C or C02 per year. In equilibrium the same amount of CO2 will be released into the atmosphere through oxidation of dead biomass.
Because of anthropogenic alterations the biomass is, however, not in equilibrium with the atmosphere. As is well known, the growth rate of plants can be enhanced to a certain degree by raising the partial pressure of CO2 as long as other factors (water, nutrients, light) are not limiting. Hence, the industrial input of CO2 may well result in a some what higher NPP. Therefore, Oeschger et al.4, Keeling3 and Niehaus16 have considered the biosphere as a sink for industrial CO2 and evaluated the future burden of CO2 using a biological growth factor in their model computations. Botkin et al.17»18 have indicated that the increase in NPP can only be small because when photosynthesis is stimulated by higher partial pressure of CO2 it will soon become limited by other factors.
On the other hand the big forests, representing about 60% of the total biomass, have been harvested and cleared to give room for agricultural land, highways, cities etc. without adequate reforestation; other formerly green areas have been devastated by erosion. The question as to whether the biomass reservoir is increasing or decreasing has been reviewed by different authors at a recent Dahlem workshop19 and by Bolin20. Even if it is not possible at present to answer the question in an unequivocal and quantitative way, the weight of evidence seems to point in the direction of a net reduction of the living biomass. Hence, the net effect is perhaps, and more probably, that the biomass is not a sink but a source of CO2.
The highest estimate was made by Wood well and Houghton21, who assume an input of approximately 0.4 x 1015 mol of CO2 per year at present through reduction of the biomass, that is about the same amount as from burning of fossil fuels (cf. Table 1 ). We will consider a decrease of the biomass as an alternative.
The logistic function
As pointed out in the beginning of this paper the extrapolation of the exponential increase of the CO2 input is not appropriate when making longterm projections. We, therefore, have used the logistic function first introduced by Verhulst (1838)22 and experimentally verified as growth function in biological systems under ideal condi tions23. Accordingly the input rate of CO2 can be expressed a s :
and the cumulated input at time t will be: r*i = n j { 1 + -1] e x p ( -a t)} (la) (index 0 for £ = 0, i.e. before 1860; index 00 for t = 00). Figure 1 shows the input rates of CO2 from 1860 up to the present as tabulated in Table 1 . One finds a growth coefficient of aeff = 4.3%/a for the periods 1860-1910 and 1945-1975 but a disturbed growth in between, for obvious reasons. Hence, for the simulation of the experimental data on CO2 concentration in air one cannot apply a single value of a for the whole period. Instead we have used the actual input figures according to Table 1 in our computer model.
For the extrapolation of the curve into the future we need first to discuss the value of n . According to Eq. (1) we need a value for the final cumulated input of CO2 (K^). Previously6 we have used w1 ^ 600 X 1015 moles of CO2. The most recent information on the potential global resources of fossil fuels comes from the World Energy Conference 197414 and from Hubbert24, and is summarized in Table 2 .
It is plausible that the potential resources recoverable under present conditions (col. 1) and the corresponding CO2 input (col. 2) are minimum values, because when resources dwindle the ten dency will be for higher recoveries (according to the figures in Table 2 the over-all recovery factor under present conditions (r) is about 19%). On the other hand, the total potential resources (col. 3) and the corresponding CO2 input (col. 4) are probably upper limits, because the figures represent the highest estimates and the recovery factor will always stay well below 1.
In view of these recent figures we have now used the lowest of the three alternative values in our short communication (Ref. x) , i.e. w^^4 0 0 X 1015 mol, corresponding to an increase of the over-all recovery factor to roughly 50% over the next 100 years or so, which seems reasonable if the potential resources i?pot in Table 2 are not grossly in error.
The extrapolation of the experimental curve in Fig. 1 is made with this value of n^. The results for the future burden of CO2 are, after all, not very sensitive to the value of n^ (cf. Fig. 1 Table 4. T he m a th e m a tic s
The mathematical description of the model used in this work is -with a few simplificationsessentially the same as that given by Bacastow and Keeling30. We have, however, introduced additional fluxes from the biosphere to the atmosphere to take account of the anthropogenic reduction of the biomass through deforestation etc. (index def.). Thus, for the deviations nJ -Ni -No^ from the pre-industrial values (AV) we used the following perturbation equations (cf. Fig. 2 and the list of symbols p. 1554):
Atmosphere: n* = -k&m n* + £ fcma nm -n l -ns -f w1. (2) Long-lived biota: ni = ß k l*{N0l + n 1) ln(l + %a/A^0a) -?4f- (3) Short-lived biota: na = ks*N 0s [ß(l + n 1/Aro1)ln (l + n*/No*) + (4) Mixed surface sea: nm = k&m -£ fcma nm -f-fcdm nA -kmd nm . (5) Deep sea: nd = &md nm -kdm nd .
£ is the buffer factor defined by i>(£) = 1 + £ n mi n 0m ,
where p is the partial pressure of CO2 in the surface water relative to the pre-industrial value. £(p) was taken from Fig. 3 in Bacastow and Keeling30 and is well described by the parabolic function*: £(p) = -0.122^2 5.36p + 3.6 .
The main features of the model should be mentioned explicitly:
(i) All fluxes -apart from the exceptions given below -are proportional to the total carbon in the reservoir from which they originate. (ii) The flux to the biosphere is governed by the amount of carbon in the long-lived biota. (iii) An increase of the net production rates of the biospheres due to enlarged CO2 concentration in the air is described by a logarithmic function and adjusted by the biological growth factor ß. This function will, of course, only hold for a limited time.
* concerning £(p) cf. also Ref. 28. (iv) The flux from the ocean surface water to the atmosphere is controlled by chemical equilibria in the sea, where the evasion factor £ is evaluated assuming constant alkalinity.
The equations were integrated stepwise starting in the year 1860 (for which = n* = n l = nm = nA = 0) using the data of Table 1 for the input rate hl until 1974. Thereafter a suitable "effective" value for no1 was calculated from Eq. l a to ensure a monotonic input function. After each time step a new value of £ had to be determined.
The d e fo r e s ta tio n fu n c tio n It is not easy to find arguments concerning the time dependence of deforestation. Up to now it has seemed reasonable to assume that deforestation was proportional to industrial activities and thus proportional to global energy consumption, i.e. nl. When extrapolating into the future one can hope fully assume that the depletion of fossil fuels will force people to treat their environment more carefully. For a first approach we therefore consider .
.
The last factor with q as an arbitrary exponent was introduced to prevent complete disappearance of the biomass (normally ^ = 0 was sufficient). For small perturbations ns, n 1 one has simply W def = ^d e f+^d e f= <^ (9b) The deforestation factor (3 may be regarded as an adjustable parameter like the biological growth factor ß. When C02 concentration is given in ppm mol fraction the conversion factor is:
1 X 10-6 mol C 02/mol air 1 mol air -X 1 ppm (mol) 28.966 g air X 5.14 x 1021 g air = 1.7745 X 1014 mol C02/ppm (mol).
Thus, the atmospheric concentration of C02 in mid-year 1974 of N^ = 330.76 ppm (mol) as deter mined by Keeling et al. (cf. For the biosphere we consider in accordance with SCEP2 a short-term and a long-term reservoir (cf. 
For the deep ocean we use the value choosen by Reiners 25 N 0a = 2900 X 1015 mols wrhile we consider Nom as an adjustable parameter, depending on the choice of r ma (see below).
T im e c o n s ta n ts
Concerning the time constants ( r = ljk ) the one for the exchange between atmosphere and biosphere is known by independent evidence: The net primary production of green plants on land has been assessed15 to be . The time constant r ma is not knowTi from indepen dent experimental evidence, so we find this parameter by adjusting the model to fit the experi mental values of C02 concentrations in air as measured by Keeling et al.26 at the Mauna Loa Observatory, Hawaii (see below).
Finally we have calculated r dm from the equi librium activities of C-14 in the surface layer of the oceans (^lom) and in the deep sea Thus, this parameter depends on the value of Nom, which in turn depends on the adjustment of r ma:
N 0m = Ar0a X r ma/ r am .
For our calculations we have made different assumptions concerning the biological growth factor and the deforestation factor (cf. below), and for case 1, for example, one can reproduce the Mauna Loa data with r ma = 10 years. In this case, there fore it follows (cf. Fig. 2 ):
N 0m = (52.1 X 1015) X 10/7 -75 x 101* mols and Tmd = 1084 X 75/2900 = 28 years.
A d ju s tm e n t to M auna Loa d a ta
The experimental data from Mauna Loa, together with those of Bolin and Bischof27 b from Swedish flights are summarized in Table 3 . (The values are nearly the same if ppm (mol) is converted to ppm(V), substracting one year in the time scale given by Bolin and Bischof). We wanted to consider the following cases: Case 1. Growth of biomass, no deforestation (ß 4= 0 and 5 = 0). Up to now this is the case treated by most authors. No change of biomass (ß = 0 and < 3 = 0). This case obviously also can be interpreted as if the increase through stimulation of photosynthesis by rising partial pressure of CO2 in air is roughly compensated by anthropogenic reductions of the biomass.
Case 3. Net reduction of biomass (ß 0 and <5=f=0). We tested the system with a biological growth factor of ß = 0.44 in accordance with Bacastow and Keeling 3 c and a deforestation factor up to 6 = 1, which corresponds to the estimate of Wood well and Houghton21. The results for three different values of < 5 are given in Table 4 (cases 3 a, 3b, 3c).
To get a consistent set of parameters we adjusted, as already mentioned, r ma in a way, that the outcome for (t) fits the experimental Mauna Loa data, which seems not only reasonable but necessary for whichever model is applied. Starting from 292 pmm(V) or 52.1 x 1015 mols in the year 1860, using the input data of Table 1 and the reservoir and time constants as derived above, an acceptable fit to the Mauna Loa data (Table 3, col. 2) is obtained with the parameters given in Table 4 (and there are even more possibilities to arrive at the same results). As mentioned before, r am = 7years was chosen in conformity with Bacastow and Keeling30. I t may be noted, however, that the results are predominately dependend on the ratio Tma/ r am and only secondarily on the absolute values of the time constants. By means of the chosen parameters the calculated curves N &(t) (Fig. 3) minimize the sum of the deviations of the experi mental data and differ from one another by not more than 1% between 1958 and 1974 (there is still no model which simulates the shifting of the experimental data in the sixties). For "no deforesta tion" (6 = 0, case 1 and 2) and ß = 0.0 to 0.35 the Table 4 . Fitted values of the biological growth factor ß, the deforestation factor < 5 and rma for ram = 7 a. A7om and rmd are calculated. Col. 6, 7, 8 result from a logistic input function with n^ -400 x 1015 mol and a = 4.3%/year. Continuing the CO 2 input beyond 1974 with a logistic input function (n^ = 400 X 1015 mols, a = 4.3%/year) it is found that in all cases given in Table 4 the concentration in the atmosphere w ill be doubled by the year 2028 (± 1 ) (col. 6). Later there are deviations between the different curves N a(t), resulting in maximum values ranging from 242 to 345 X 1015 mols in the atmosphere (col. 7). In all instances the maxima will occur at the end of the next century or thereafter (col. 8). Figure 4 shows the complete results for the cases 1, 2 and 3 a together with the changes of w1 in the long-lived biota. For N &(t) there are no essential differences between the special cases up to about A.2050. Thereafter the assumed mechanism of the fluxes from and to the biosphere will become more influential, and the decrease in the atmosphere is strongly correlated to the growth of the biota.
The deforestation accumulated until the year 2100 (case 3 a) approximately equals the size of the Table 4 ). Open circles: Bacastow and Keeling's30 projection with and without increase of the biota (ß = 0.44 and ß = 0 resp.). Dark circles: Niehaus'16 projection for status quo conditions. present biosphere. The corresponding loss is nearly compensated by the biological growth factor, result ing in a maximum decrease of the biomass of about 10%.
The predictions of Keeling et al.3 are eventually running much higher than ours because of unrealistic input rates*. The results of Niehaus16 are essen tially in agreement with our case 1 apart from a slight shift in time.
From the results given here it may be concluded that for the next 80 years or so predictions for the CO2 increase depend mainly on the source function. If the "free" parameters are adjusted so that the model fits the experimental Mauna Loa data, the Note added in proof:
In his latest paper, not yet available to us but referred to in a research proposal (cf. ref. 26b), Keeling35 has used a logistic function for the input of co2. He still arrives at a future increase of Na 8 to 9 times preindustrial level at the maxima. For this discrepancy we have no explanation yet.
question wether or not the biomass is decreasing, and to which extend, seems not to be important for all practical purposes. Of course, the whole model may be unsufficient. When more information will be available about the factual change of the biomass and about the parameters for the mixed surface sea dependend on the adjustment, it will be possible to decide wether or not these facts can be accommodated by the model. For long-term extrapolations beyond the next 100 years the model is, of course, very sensitive to changes in the fluxes to and from the biosphere. They will, therefore, require more insight into these mechanisms, too.
Alternative growth coefficients
The curves in Fig. 4 give maximum values of the CO2 concentrations to be expected, because the logistic input function used applies to monotonic sigmoidal growth governed only by some natural limit (cf. Figure 1) . In reality the growth coefficient a in the logistic function will not be constant, as non-fossil sources of energy will increasingly play a larger role. Therefore, we have calculated different alternatives with lower values of a, assuming a net reduction of the biomass as in curve 3, Figure 4 .
The results are shown in Fig. 5 , where the horizontal line corresponds to a doubling of the pre-industrial concentration, i.e. to an amount of 105 X 1015 mols or a concentration of 584 ppm(V) in the air. According to present estimates (cf.
annum-- Fig. 5 . Future co2 burden in the atmosphere for four alter native values of the growth coefficient per year in the lo gistic function. Biological growth factor ß=0A4, deforesta tion factor d = 0.32 (case 3a, cf. Table 3 ).
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Manabe and Wetherald30) such a doubling of the CO2 in air would result in an increase of global temperature between 2 °C in lower latitudes up to 10 °C at the north pole. Together with other anthropogenic alterations of the climate this is at present considered as prohibitive (cf. e.g. Flohn31, Bach32). Of course, the climatic system is extremely complex and much work has to be done before one can make more reliable predictions.
As one can see from Fig. 5 the most important question concerning C02 is not which percentage of our potential fossil fuels can be burned, but how fast one can use up these resources. With an input rate of less than 0.2 x 1015 mols of C per year, for example, one could proceed as long as the supply of fossil fuels lasts, without reaching a doubling of the C02 in air.
Of course, a reduction of the growth coefficient from the present 4.3%/a during the last decades ( Fig. 1 ) to 1 or 2%/a in the near future is unrealistic. According to the latest estimation of the OECD (cf. Hamilton33) the consumption rate of fossil fuels will probably increase from 8 TW at present to 18 TW in the year 2000, corresponding to an increase of 3.5%/a for this period.
It thus seems likely at present that the use of fossil fuels will have to be reduced considerably before or soon after the turn of the century.
Finally it should be mentioned that all predictions necessarily assume an uniform rate of development in the whole of world affairs. Another World war, or "Wars of Redistribution", as mentioned by Weinberg and R otty34 would alter the picture considerably of course. In this case, however, all predictions will probably turn out to be superfluous.
